Three chemistry variants of alloy 718 were prepared at laboratory scale by vacuum induction melting followed by vacuum arc remelting. T h e first alloy contained 2% cobalt and iron was reduced by a similar amount. I n the second alloy variant 2% cobalt was added at the expense of nickel a n d the third alloy was modified by adding 0.02% cerium.. The billets of the modified alloys and also the standard alloy were processed to prepare 12.5 m m diameter bars that were subjected to conventional heat treatment. Tensile and stress rupture properties of the four alloys were evaluated under different conditions. Replacement of iron by cobalt did not produce any noticeable effect on the tensile a n d stress rupture properties and reduction in nickel was also found to produce marginal effect on these properties. The cerium modified alloy, however, showed significant increase in the stress rupture properties. The reasons for this mechanical behaviour have been examined with the help of transmission electron microscopy and a r e discussed.
Introduction
Among many superalloys that are used in modern gas turbine aero engines, Inconel 7 18 occupies a very prominent position. Exceptionally good formability, excellent weldability and high resistance to surface degradation are some of the important characteristics which have made this alloy universally acceptable for structural applications at intermediate temperatures up to 650°C [1, 2] .
Like most nickel base superalloys, Inconel 718 also owes its strength to precipitation hardening and the major strengthening phase is y", which has an ordered body-centered-tetragonal DO12 crystal structure and stoichiometric composition of Ni3 (Nb, Ti, Al) . Besides uniforndy distributed carbides of MC type, small amount of y' based on Ni3 A1 is also present in alloy 718. However, contribution of y', as a strengthener is believed to be much less as compared to that of the y". Whereas the y" particles are disc shaped, the y' particles are spheroidal and of much smaller diameter. y" is a metastable phase and over prolonged exposures at temperatures above 650°C, it tends to form a stable phase, 6, which has an incoherent, orthorhombic crystal structure. Being lath shaped and having a tendency to precipitate at the grain boundaries by a cellular reaction, the 6 phase is believed to have an adverse effect on the alloy ductility.
However, 6 phase helps in preventing grain growth during various stages of processing and if present in moderate amounts, it is understood to be beneficial [3, 4] .
Since the introduction of the alloy 718 in Sixties by Eiselstein, long time stability of its phases, i.e., y' and y", has always been a major concern and has led to extensive studies on various metallurgical aspects the world over. Several chemistry modifications have been attempted and many heat treatment schedules have been investigated to improve its performance [2, 5, 6] . Several investigators have also addressed alloy cleanliness by introducing double and triple refining techniques [ 7 ] . Role of minor elements such as magnesium, boron, zirconium and rare earth elements in improving the high temperature strength of 718 has also been studied [8, 9, 10] . Cerium is found to be useful if its content is limited to less than 0.025 weight % [8] .
Cobalt is generally present in most nickel base superalloys as it is believed to strengthen the matrix besides increasing the solvus of y', thereby increasing the high temperature strength of the alloys [ l l ] . Following cobalt scarcity crisis in Seventies, its role was further examined in several superalloys [12] , particularly on the hot workability where it is not found to be much u s e f~~l [13] . However, the role of cobalt in alloy 718 has not received much attention. The present investigation, forming part of a turbine disc material development programme, is, therefore, aimed at understanding the effect of cobalt on the high temperature behaviour of alloy 718. We also include the results of a study carried out to examine the scavenging effect of cerium in Alloy 718 by Auger electron spectroscopy (AES).
are consistent in all the four VIM heats. These VAR ingots were homogenized at 1 1 5 0~)~ for 24 hrs and slices of appropriate thickness were cut off from their top as well as bottom faces. The cylindrical surfaces of ingots were also machined to remove any surface imperfections. Samples for chemical analysis were taken from both top and bottom faces of the ingots. The chemical compositions of the four VAR ingots are given in table 1. All the four ingots were soaked at 1 1 8 0 9 for 4 hours before forging them under a 1000 kg hammer to form 40 mm square billets. The forged billets were machined to remove any surface cracks or irregularities and then hot rolled to produce 12.5 mrn diameter bars. These bars were solution treated at 955' C for 1 hour followed by water quenching. The aging treatment consisted of heating the bars at 720' C for 8 hours, furnace cooling to 620' C, holding at 620' c for 4 hours and then air-cooling. The heattreated bars were machined to prepare specimens for both tensile and stress rupture tests in accordance with the ASTM procedures. Some of the heat-treated bars were also machined to make the specinlens for in-situ fracture examination by Auger electron spectroscopy (AES). Tensile tests were carried out at room temperature and 650' C. Stress rupture tests were performed at 650" with a constant load of 690 MPa. Microstructural examination of the specimens extracted from the grips of the stress rupture specimens after tests was conducted by optical as well as scanning electron microscopy. Kallings reagent was used to reveal the microstructures. Thin foils of these specimens were prepared by twinjet electro-polishing in an electrolyte containing 78% methanol, 10% lactic acid, 7% sulphuric acid, 3% nitric acid at -3 0 '~ and 12 volts. These foils were examined using Philips EM-430T transmission electron microscope.
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Auger electron spectroscopy was carried out on the in-situ fractured 3.6 mm diameter notch specimens using a Physical Electronics-545 scanning Auger microprobe (SAM). The fractured surfaces were analysed before and after argon ion sputtering up to a surface of 80 nm at an etching rate of 2 nm per minute and Auger spectra obtained after every 10 nm sputtering intervals. The peak-to-peak height ratios for several elements with respect to nickel were recorded against the sputtered depths. 
Results and Discussion
Tensile and Stress -Rupture Properties The room temperature tensile properties of the standard alloy and three modified alloys are given in Table 2 . It is seen that the tensile properties are generally similar for all these alloys. However, alloy 3, which has 2% cobalt and lower nickel, shows a slight drop in both the yield strength and tensile strength values in comparison with other alloys. Since elongation values are also similar, minor drop in the yield and tensile strengths for the alloy 3 is not considered significant keeping in view the fact that these are average values of three tests carried out. Some scatter in the properties of superalloys is always expected.
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Alloy 3 Allov 4 Results of stress rupture tests carried out on these four alloys are presented in Table 4 . As compared to alloys 1 and 3, alloy 2 showed a small improvement but alloy 4 demonstrated very high stress rupture life. showed a large amount of twinned grains and alloy 4 had a relatively cleaner microstn~cture. This cleanliness nay be attributed to the effect of cerium in removing sulphur and is also believed to be responsible for a significantly high stress rupture life of alloy 4 (Table 4) . A closer examination of alloy 4 by scanning electron microscopy showed the onset of 6 phase precipitation as manifested by the presence of discrete particles and as confirmed by EDAX analysis (Fig 2) . As delta phase was not noticed in alloy 2 even during scanning electron n~icroscopy, it is believed that its presence in alloy 4 is due to prolonged exposure at 650" during the stress rupture test. Delta phase was also not noticed in any of these four alloys after forging or even after the heat treatment.
As microstructural examination of the stress rupture tested specimens did not clearly reveal the reasons for the improvement in the stress rupture lives of alloy 2 and 4, it was decided to conduct transmission electron microscopy on these specimens. 
Transmission Electron Microscopy
Transmission electron n~icrographs of alloy 4, which gave a high stress-rupture life, are presented in Fig 3. These show the presence of y' and y" particles. The delta phase could not be detected but some areas appeared to have a morphology like that of the 6 particles. Since electron diffraction pattern could not be obtained, it is beieved that these are areas of 6 phase particles that might have dissolved or dropped off during the electropolishing of thin foil, as is evident from Fig 3(b) . precipitates (b) morphology and size of 6 phase particle that could have fallen out during electropolishing Fig. 4 shows the transmission electron micrographs of alloy 2 specimen which failed after giving a stress rupture life of 136 hours. Dimensions of both y' and y" particles for this alloy were found to be much lower than those in the alloy 4 as shown in Table 5 . showing the presence of y' and y" A large coarsening of y" particles in alloy 4 as compared to that in alloy 2 is believed to be due to larger exposure during stress rupture tests. It is also to be noted that the coarsening along the diameter (major axis) is more than that along the thickness (minor axis). This is in agreement with the earlier findings [14, 15] which have shown that during coarsening, coalescence generally takes place along the major axis and coarsening along the minor axis does not occur.
This microstructural study consisting of optical and electron microscopy has shown that unto 2% cobalt does not appear to have any noticeable effect on the room temperature and high temperature properties, be it at the expense of nickel or iron. However, as the reasons for high stress structure life in the cerium modified alloy could not be clearly identified by electron microscopic analysis except for the coarsening of y" particles, it was decided to conduct Auger electron spectroscopy on the specimens of these two alloys with a view to examine certain weak surfaces that could have formed due to the segregation of sulphur.
Auger Microprobe Analysis
Results of scanning Auger microprobe analysis of the in-situ fractured specimen of alloy 1 are shown in Fig 5. Occasionally dispersed areas rich in sulphur and oxygen were detected and are shown in the Auger graphs (Fig 5b and c) . Fig. 5d shows the effect of argon ion sputtering on the sulphur and oxygen enriched areas. Both OINi and S/Ni ratios show about 50% decrease after 10 nrn sputtering of the fracture surface, thereby suggesting that surface concentrations of both sulphur and oxygen tend to reduce. However, with further sputtering, the rate of decrease in concentration is found to be much less. In the case of alloy 4, as shown in Fig 6, the rate of decrease in the concentrations of oxygen and sulphur is observed to be much faster. It shows a decrease of more than 75% after 10 nm sputtering and beyond 20 nrn sputtering the concentration remains virtually unchanged.
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The sputtering profiles of alloy 1 have clearly confirmed the presence of sulphur at the fractured surface. This could be due to either the formation of carbosulphide of titanium or segregation of sulphur at the surface. Since in both the alloys, titanium was also found to be present in these areas along with carbon, it is believed that these are titanium carbosulphides. Occurrence of TizCS has also been shown in maraging steels by Ball [16] who after detailed X-ray diffraction studies, has suggested that in an alloy containing minor amounts of titanium, carbon and sulphur, titanium carbide will not fornl without the formation of titanium carbosulphide. Like maraging steels, alloy 71 8 also contains fairly low carbon but its titanium content is much higher.
Therefore, probability for the forn~ation of titanium carbosulphide is also much higher in alloy 71 8 and this could be detrimental to the high temperature properties. A minor addition of cerium can substantially bring down the level of sulphur during the melt refining stage itself, thereby minimizing the fomiation of TizCS and segregation of sulphur and this is what we have observed in the cerium-modified alloy 4. 
Conclusions

1.
Addition of cobalt either in place of nickel or iron has not been found to produce any noticeable effect on the room temperature or high temperature properties of alloy 7 18.
2.
Addition of cerium in controlled proportions is beneficial and leads to a significant improvement in the high temperature properties of alloys 71 8.
